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(54) Abstract Trtle 

Capillary polymerase chain reaction 

(57) A reactor for the polymerase chain reaction (per) comprises a capillary, preferably a plurality of 
capillaries having a common entrance and common exit. A reaction solution is passed therethrough and 
subject to the steps of melting, primer attachmeot and amplification (construction) at three different 
temperatures in either three separate zones or in one zone. The flow rate of the reactants in the construction 
zone is maintained bePow ten capillary diameters per second. Preferably^ the silicon microfabricated capillaries^ 
are coated with conventional chromatographic coatings such a carbowaxes, lipoproteins or glycoproteins and 
contain high thermal conductivity metal powders such as silver. High frequency AC heating elements 
combined with cooling plates allow rapid tempetature changes; each temperature stage may be passed 
through in 0.25 of a second. It is envisaged that 3D cycles are completed within 2.5 minutes. 
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Figure 1 
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Figures 2a {lefchand side) and 2b (righthand side) 
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Figure 3 
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Methods and Devices for Fast Oligonudaotide Replication by 
Polymerase Chain Reactions (PGR) 

This invention relates to methods and instruments for fast, 
selective replication of Nucleic Acid (in particular 
deoxyribonucleic acid (DNA)) from biomaterial through the 
polymerase chain reaction (PGR), working in individual 
duplication thermocycles . 

It is becoming more and more important for the medical care of 
patients that analysis methods in genetic engineering are made 
available which work very quickly. One example of this is the 
identification of infectious microorganisms, which still 
requires days at present, but actually requires treatment at the 
earliest possible stage, in the initial hours if possible. More 
intense will be the demand for quick analysis during 
examinations of tissue possibly affected by cancer or other 
disease during surgery on the open patient by means of 
oncogenetic, virological or bacteriological analyses. Here, a 
maximum analysis time of about ten minutes is required. 
Mass spectrometry today provides very fast, highly sensitive 
analysis .methods for the size of amplified DNA segments. 
Advances in matrix-assisted laser desorption and ionization 
(MALDI) make it possible to analyze about 20 samples including 
the MALDI preparation, the introduction of DNA MALDI samples 
into the mass spectrometer, the MALDI analysis and the data 
evaluation up to presentation on the screen in less than three 
minutes. The tissue cells and DNA extraction can be lysed in 
less than two minutes. 

This maximum of five "minutes total for sample preparation and 
mass spectrometry analysis stands in contrast to times of three 
hours for classic PGR replication. Large reductions in these 
times are on the horizon however. In one instrument available 
commercially, this time has already been reduced to about 20 
minutes. In a recent publication (A. T. Woolley et al., 
"Functional Integration of PGR Amplification and Capillary 
Electrophoresis in a Microfabricated DNA Analysis Device", Anal. 
Chem. 68, 4081, December 1996), DNA in 20 microliters of 
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reaction solution was amplified through 30 cycles in only 15 
minutes in a miniature container made of polypropylene. Even 
this time is, however, too long for a fast analysis in the above 
sense. The goal must be to perform the PCR amplification in only 
5 two to three minutes. 

As is known, DNA consists of two complementary chains made up of 
four nucleotides, the sequence of which forms the genetic code. 
Each nucleotide consists of a sugar (ribose), a phosphoric acid 
group and a base. Two bases each are complementary to one 
10 another. Sugar and phosphoric acid form the continuous chain of 
the DNA {or the so-called backbone), the four characteristic 
bases are each lateral branches attached to the sugar. Both 
complementary chains or single strands of DN.A are coiled around 
one another in the form of a double helix, whereby two 
15 complementary nucleotides each are connected to one another via 
hydrogen bridges between the bases and thus form a so-called 
double strand. 

The basis for many analysis methods in genetics is the 
selectively functioning PCR (polymerase chain reaction) , a 
20 simple replication method for specifically selected DNA pieces 
in a test tube, first developed in 1983 by K. B. Mullis {who 
received the Nobel Prize for this in 1993) and which, after the 
introduction .of temperature stable polymerases, went on to 
unequalled success in genetic engineering laboratories. 
25 PCR is the specific replication of a relatively short segment of 
double-stranded DNA, precisely sought from the genome, in simple 
temperature cycles. Selection of the DNA segment is through a 
so-called pair of primers, two DNA pieces with about 20 bases 
length apiece, which (described somewhat briefly and simply) 
30 encode the bilateral ends of the selected DNA segment. 

Replication is performed by an enz^Tne called polymerase, which 
represents a chemical factory in a molecule. The PCR reaction 
takes place in aqueous solution in which a few molecules of the 
original DNA and sufficient quantities of polymerase, primers, 
35 triphosphates of the four nucleic acids (so-called 

"substrates")/ activators and stabilizers are present n every 
thermal cycle, the DNA double helix is first "melted" at about 
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95 "C, whereby both strands are separated from one another. At 
about 55 °C, the primers are then attached to complementary 
nucleotide sequences of the DNA single strands 
("hybridization"). At 72*C the double helixes are reconstructed 
5 by elongation of the primers, done by the temperature-resistant 
polymerase (e. g. taq-polymerase) . Complementary nucleotides are 
bonded, one after the other, to a specific end of the primers to 
. form two new double helixes. In this way, the selected DNA 
segment is duplicated in principle between the primers. 
10 Therefore, over 30 cycles, around one billion DNA segments are 
generated from one single double-strand of DNA as original 
material. (In a more exact description, the shortening to the 
DNA segment between the primers only occurs statistically with 
further replications). 

15 The duration of time for a thermal cycle is practically only 
dependent on the rate of heating up and cooling down, which is 
subsequently dependent upon the volume of liquid, the dimensions 
of the container and the thermal conductivity of the container 
walls and the reaction solution. For every thermal stage, only a 
few seconds are necessary in principle, sometimes even less. 
In the above cited article by Moolley et al., in which the PCR - 
amplification for 30 cycles only lasted 15 minutes, the 
following times were required, for example, for the work in the 
three thermal stages: 2 seconds at 96°C for melting, 5 seconds 
25 at 55'C for the primer attachment and 2 seconds at 72'C for 

reconstruction. The remaining time of 21 seconds per cycle was 
used for the thermal transitions. 

The DNA melts almost .instantaneously at a temperature a few 
degrees above the "melting temperature Analyses have shown 
that heating to this temperature for one half second suffices 
for complete separation of all double helix structures. Precise 
maintenance of the temperature is not even especially critical 
here, as long as one remains above the melting temperature but 
below a coagulation temperature. 
35 Hybridization also does not need much time if the primers are 
available in sufficient concentration. At an optimar- 
concentration, about one to two seconds are enough. For 
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hybridization, the temperature is even less critical; it need 
only remain under 60 *C to proceed sufficiently fast. Optimal 
conditions are at about 55°C, 

The growth of the attached primers into a complementary DNA 
5 molecule through the polymerase, known as "reconstruction" in 
the following, has a very high velocity. 500 to 1, 000 bases can 
be bonded per second under optimal thermal and concentration 
conditions by the polymerase. Since generally only DNA segments 
of a maximum of 400 bases in length are necessary for the 
10 analyses, two seconds are quite sufficient for this 

reconstruction phase. For this process of reconstruction of a 
new double helix, good maintenance of the optimal temperature is 
required in order to achieve the hioh rat-f> 

reconstruction . 

Theoretically, a PCR reaction cycle could thus be concluded in 
15 less than 5 seconds, under the precondition that heat can be 

introduced or removed up to each sufficient thermal equilibrium 
in about W second each. One such ideal thermal curve for a PCR 
cycle is shown in Figure 1. The introduction and removal of heat 
are the critical time-determining variables here. 
20 By the addition of only one primer pair, uniform DNA segments 
can be replicated. However, if several different primer pairs 
are added at the same time, several DNA segments will also be 
replicated at-the same time ("multiplexed PCR"). 
This type of multiplexed PCR is frequently used and often has 
25 special advantages. For so-called "fingerprinting" for the 

identification of individuals through DNA segments of variable 
length (methods of "VNTR = Variable Number of Tandem Repeats" or 
"AMP-FLP = Amplified Fragment Length Polymorphism"), it makes 
the analyses faster. Here through the selection of primers, 
30 which determines the average molecular weight of the DNA 

segments, the result can be achieved that the variati9ns of 
molecular weights- for the DNA segments formed by the various 
primer pairs only seldomly or .never overlap. This type of 
multiplexed PCR requires an analyzer which is capable of 
35 simultaneous measurement of a large range of molecular weights. 
The method is particularly advantageous for the identification 
of infectious organisms, since 20 types of bacteria (or viruses. 
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yeasts, molds) can be detected at the same time, for example, 
with a single PCR replication. 

The high sensitivity of modern measurement methods for the 
analysis of DNA, for example the sensitivity of the above- 
5 mentioned mass spectrometric measurements, permits the volume of 
reaction solution to be reduced while maintaining the optimal 
concentration. Since on the one hand, for the same initial 
-amount of DNA, the reaction solution is then exhausted after a 
few cycles (though on the other hand not very much amplified DNA 
10 material is required for the analysis) the number of cycles can 
be reduced from the normal amount of 30 to about 24 to 28. 
However, the time-saving due to this is minimal. Possible 
reduction of the volumes suggests a solution based on 
microfabrication technologies for a new PCR amplification method 
15 such as has already been applied in the above cited article by 
Woolley et al. 

Also in the review article "Microfabrication Technologies for 
Integrated Nucleic Acid", D. T. Burke, M. A. Burns and C. 
Mastrangelo, Genome Research 7, 189 (1997), chambers 
manufactured using microfabrication technology are presented for 
PCR amplification, without however giving any indication of the- - 
achievable rates. Such chambers, 1,000 x 1,000 x 250 micrometers 
large here and made of a low temperature polymer, nevertheless 
have the disadvantage that they can only be emptied by extended 
25 rinsing with a washing liquid and thus force a dilution of the 
amplified DNA when emptying. 

Another obvious idea is to allow the reaction solution to run 
constantly through a fine capillary which crosses three zones, 
kept stationarily at the appropriate temperatures, on a 
microfabricated chip in a simple manner for every cycle, whereby 
the standard temporal variation in the temperature is replaced 
by a simple local variation in temperature. A section of one 
such arrangement is shown in Figure 3. A small dimension for the 
capillary should then allow a rapid temperature "change up to 
35 thermal equilibrium. 

Unfortunately, the flow in a capillary impairs the worJc of the 
polymerase in the reconstruction phase. In a cylindrical 
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capillary, a laminar flow with a parabolic velocity profile 
generally prevails, whereby the velocity at the central axis of 
the capillary is twice the average velocity while it is zero at 
the margin of the capillary. In a capillary with a square or 
5 rectangular cross section, somewhat different conditions 

prevail, however the differences are not decisive. The flowing 
reaction solution is therefore divided into sliding layers of 
differing velocity, and adjacent molecules in different sliding 
layers move past one another. The individual molecules are 
10 subject to shear forces. Straight molecules are aligned parallel 
to the direction of flow. 

For a close-to-real average velocity of 2 millimeters per second 
in a capillary 100 micrometers in diameter, two almost spherical 
molecules which are in contact with one another on both sides of 
15 an imaginary sliding surface, move past one another in one 
millisecond by about 8% of their diameter on average. One 
millisecond corresponds to the minimum time for the 
incorporation of a base. Molecules in the center of the flow do 
not experience this sort of displacement. Molecules close to the 

20 wall of the capillary experience a greater displacement. In this 
way, however,' the work of the polymerase which requires a calm, 
adjacent positioning of the molecules on a millisecond scale, is 
greatly impaired. Increased errors are the result and, with even 
greater displacement motion, the work of the polymerase is even 

25 stopped. 

The displacement motion of adjacent molecules increases for the 
same flow in proportion to the third power of the reciprocal 
diameter of the capillary. There is therefore a dilemma for flow 
PCR methods: thinner capillaries improve the temperature 
30 setting, however they extend the distance, therefore 

necessitating an increased flow rate and thus impairing 
amplification. • 

In accordance with the invention, there is provided a method for 
the replication of an oligonucleotide, in particular DNA, by the 
35 polymerase chain reaction (PCR) in a reaction container, wherein 
a reaction solution is subjected to successive cycles'^of three 
different temperatures for melting, primer attachment and 
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reconstruction, wherein the reaction container comprises a fine 
capillary and, wherein tbe flow rate of the reaction solution 
during the reconstruction of the oligonucleotide (typically 
double stranded DNA) is maintained below a value which 
corresponds to ten capillary diameters per second. 
It is the basic idea of the invention to use, on the one hand, a 
fine capillary in close proximity to heating and cooling 
elements as a container system for the reaction solution in 
order to keep the heating and cooling-down times for the 
reaction solution extremely low, while on the other hand keeping 
the flow rate for the reaction solution in the capillary during 
the reconstruction phase of the DNA double strand using the 
polymerase as low as possible. The flow rate during the 
reconstruction phase should never exceed ten times the local 
15 maximum capillary diameter per second, while more favorable 
would be an average flow rate of less than five maximum 
capillary diameters per second. The error rate for the 
reconstruction only approaches its minimum below an average flow 
rate which is less than double the diameter per second. The 
"maximum capillary diameter" is intended to mean the normal 
diameter for round capillaries, and the diagonal for rectangular .. 
cross sections. 

A favorable, very fine capillary structure with closely adjacent 
heating elements may be favorably produced using 
microfabrication technologies. The low flow rate can be provided 
on the one hand (especially at a constant flow of reaction 
solution through the capillary structure) by a special design of 
a capillary net. on the other hand, the low flow rate may also 
be produced by special methods of application with temporally 
30 changeable flows of the reaction solution. 

The advantage of a fine capillary structure is evident: the 
times for the thermal transitions in the reaction solution may 
be kept very short. This advantage is however opposed by severe 
disadvantages: the extremely large surface area" of the container 
35 system disturbs the biochemical processes if the surface even 
only minimally influences tbe affected molecules. Thus for 
example a bare silicon surface immediately destroys the activity 
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of the polymerase. Many plastics too have proven to be 
unsuitable for PGR. Even the same plastics from different 
manufacturers, for example the normally favorable plastics 
polyethylene or polypropylene, have had different types of 
5 effects on the PGR due to their varying qualities. Therefore, 
the surface must very thoroughly be made completely inert. 
The activity of a surface can be almost completely eliminated by 
a_ thorough coating. Goating methods for capillaries are known 
from chromatography, especially from gas chromatography, which 
10 eliminate even the smallest remnant of active surface. 

Particularly coatings with thread-shaped molecules which are 
bonded monolaterally onto the surface ("chemically bonded 
phases")/ have generated thermally stable and extremely inert 
surface coatings. Here, hydrophobic or hydrophilic, polar or 
15 nonpolar, fat or water absorbent surface coatings can be 

generated which may also have other characteristics within the 
depth of the layer. In a preferred embodiment of the invention 
chromatographic coatings (which may be of known kind) may be 
used for the deactivation of surfaces. Particularly for the 
20 coating of quartz glass and glass surfaces on the interior of 
thin capillaries, explicit and comprehensive formulas with 
descriptions of the necessary steps are available- Silicon 
surfaces can be transformed by oxidation into quartz surfaces. 
Particularly for metal implants, stable coatings have been 
25 developed which correspond to endogenous proteins and 

glycoproteins such as occur in cell membranes. Such coatings may 
reduce the activities on the surfaces for polymerase reactions 
in the present case, even if they are not yet successful as 
implant coatings. 

30 The micromanufacturing methods, however, also comprise the 

molding of plastics in micromanufactured silicon forms. In this 
way as well, capillary systons can be developed which *may be 
used as reaction containers. Accordingly, in a preferred 
embodiment of the invention, favorable polymers such as low 

35 pressure polyethylene or polypropylene may be used for the 
manufacture of capillary systems. Since polymers normally 
possess poor thermal conductivity characteristics, the polymers 
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may be filled v/ith thermally well conducting nanopowders, for 
example with silver powder. These powders can be produced with a 
particle diameter of about 10 to 1,000 nanometers. They are 
excellently suited for increasing the thermal conductivity of 
plastics. The powders may be deposited in such a way that they 
do not lie directly on the surface. 

The low flow rate necessary for this invention can be achieved 
in a constantly circulating capillary system, whereby zones of 
different temperatures are passed through, in such a way that 
the flow of the reaction solution in the reconstruction zone 
branches off into a multitude of parallel capillaries, in which 
the flow rate in each of these parallel capillaries is reduced, 
as shown in Figure 4. 

The reaction solution can also be moved on intermittently by 

15 pressure pulses. After each filling of the capillary system for 
the reconstruction of the DNA double strand, at the 
corresponding temperature, the flow of the reaction solution 
stops, the incorporation reactions run down and only then (after 
about 2 seconds) is the reaction solution pumped on. It is 

20 therefore advantageous to keep each of the volumes at equal 
amounts for' the container systems for melting, attachment of 
primers, and reconstruction, so that the reaction solution is 
always moved on by exactly this amount of volume. A pulsed 
process, however, makes it necessary for the dwell times of the 

25 reaction solution to be equal in the three temperature zones. 

It is however also possible, to employ a capillary system large 
enough so that the entire quantity of reaction solution to be 
processed can be held in it and then very quickly passed through 
the temperature phases one after another jasing fast heating and 

30 cooling elements with the solution at rest. 

Such a type of capillary system may easily be aligned in one 
plane, as shown .in Figures 2a and 2b. The capillaries arranged 
in a plane are enclosed in a thin membrane, on the surface of 
which there are heating elements, also with a planar structure. 

35 Thus for example, 200 nanoliters of reaction solution in 16 

parallel capillaries with cross sections of 60 x lOO" micrometers 
and 2 millimeters length can be located on a surface of about 2 
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X 1.6 millimeters. These capillaries may be located in a silicon 
membrane with a maximum thickness of 300 micrometers. Through 
the thin membrane and through the bridges between the 
capillaries, heat can be applied or discharged very efficiently. 
5 On the top and bottom of th membrane, there are resistance 
grids planarly imbedded or otherwise attached, which take care 
of the heating capacity. With less than two watts heating 
capacity, the temperature of this type of thin silicon membrane 
with a surface of 3 x 3 mm* can be raised by about 100**C per 
10 second, an increase from to about 72 *C can therefore be 

achieved in 0.3 seconds-. The temperature can itself be 
determined in the known fashion via the thermal coefficient from 
the resistance of the heating element. Control of the heating 
capacity with a slight overshoot leads to quick 'adjustment of 
15 the equilibrium in the reaction solution. 

Via gaseous, liquid or solid movable cooling means, which can be 
brought into planar contact with the membrane the membrane can 
be cooled very quickly. An arrangement with a solid cooling 
element is depicted in Figure 2b. In the simplest case, the 

20 cooling means may be at room temperature, or at a lower 

temperature for acceleration. Since the temperature for primer... 
attachment need not be exactly adjusted, a simple time control 
is sufficient for the contact time. In more critical cases, the 
change in resistance for the heating elements may be exploited 

25 as a control of the contact time. The cooling means, moved for 
example electromechanically or pneumatically, may be a part of 
the microsystem arrangement, or they may also be brought in 
contact with the membrane through external movement devices. 

A number of preferred embodiments of the invention are 
30 illustrated in the accompanying drawings, in which :- 

Figure 1 shows a cycle of an optimal thermal profile, 
unobtainable previously without this invention, for fast DNA 
amplification by PGR. The three thermal levels of the cycles are 
run through in only 5 seconds. A DNA amplification with 30 
35 thermal cycles therefore takes only 2H minutes. 

Figure 2 shows a microfabricated membrane for DNA amplification 
with the reaction solution at rest. Figure 2a shows the 
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capillary structure with inlet channel (1), flow distributor (2) 
for uniform filling of the parallel capillaries, parallel 
capillaries (3), flow collector (4) and outlet channel (5). 
Figure 2b shows a cross section through the membrane (6) with 
the parallel capillaries, the heating elements (7,8) and the 
movable solid cooling elements (9,10). 

Figure 3 shows the principle of an (unfavorable) capillary 
arrangement in which the reaction solution in the capillary 
flows through three places of varying temperature per cycle. The 
upper edge (15) of this structure is in contact with a heater 
which keeps the edge at about 100*C, while the lower edge (16) 
is Icept at about 50*C through cooling. After flowing through the 
melting region (11) at about 95"C, the reaction solution flows 
to the opposite edge and is cooled in a primer 'attachment region 
15 (12) to about 55**C. Then it flows to a reconstruction region 
(13) in which it is heated to about 72*'C. This area has a 
somewhat longer flow-through path to achieve a somewhat longer 
time for the reconstruction phase. From there the reaction 
solution flows into the next melting region (14) which belongs 
20 to the next temperature cycle. Figure 3 shows an unfavorable 

arrangement' for this capillary structure since the flow rate is 
equal for all thermal levels. 

Figure 4 shows a more favorable embodiment of a capillary 
arrangement for constant flow. In the reconstruction region (23) 
25 the capillary branches off into a number of parallel capillaries 
with equal cross sections, which greatly reduces the flow rate 
here. Otherwise this arrangement is equivalent to the 
arrangement in Figure 3. 

A capillary structure may be generated in a silicon chip by 
30 microfabrication techniques with stationary thermal distribution 
as shown and described in Figure 3, such that the reaction 
solution flows through it at a constant rate. It however appears 
that the PCR reaction at capillary diameters below about 400 
micrometers are considerably disturbed by the necessarily high 
35 flow rate in the capillaries. However this capillary diameter is 
still much too great for the heating rates required-.; ^On the 
other hand, in order to maintain the polymerase working at the 
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usual low error rate of 1Q'\ a flow rate is necessary that is so 
low that no substantial reduction in total time is achieved. 

A particularly preferred embodiment of the invention is 
therefore provided by a capillary structure on a chip as shown 
in Figure 4 . Here the capillary branches off without 
constrictions in the reconstruction region. In this way, a 
reduction in flow speed for PGR amplification may be achieved. 
It is an advantage of this arrangement that, due to the 
continuous operation in this structure, alternating qpjantities 
of reaction solution may be subjected to PGR amplification, 
although the time advantage disappears. 

This chip structure also has disadvantages, however. It is 
relatively long and narrow (about A x 60 millimeters) , unusual 
for a microfabricated chip and very fragile, and' it is 
additionally subject to strong thermal stress. These 
disadvantages may be partially balanced out by a circular or 
loop-shaped arrangement with central heating, or by a convoluted 
arrangement with capillary levels lying on top of one another, 
which leads to a reduction in the overall structure. A further 
disadvantage is the fixation of the number of PGR cycles, 
strictly prescribed by the number of structure repetitions in 
the microfabricated chip. Another disadvantage is the relatively 
long duration of the overall process including emptying after 
the work has already been completed for the front of the 
reaction solution passing through. 

It is therefore advantageous to fill a larger volume pattern 
with very fine capillaries only once, to allow the PGR reactions 
in the reaction solution at rest to run through temporal thermal 
cycles and then empty the structure again-just once. 

In principle, this type of deration may be performed in a 
single, multiply convoluted, continuous capillary, however the 
process of filling and empr -ing is then relatively long. Filling 
and emptying times are not insignificant. For example, a 
capillary with a cross section of 100 x 60 micrometers, which 
should hold about 250 nanoliters, is already over 40 millimeters 
long and requires 40 seconds for these processes at a-^.-f illing 
and emptying rate of 2 millimeters per second. If other 
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processing steps are included, the filling and emptying times 
become prohibitively long. 

A particularly favorable embodiment is therefore shown in 
Figures 2a and 2b. This is a number of parallel capillaries (3) 
5 which lie in the central level of a thin, microfabricated 

membrane (6). Two distributor systems (2,4) at the start and end 
of the parallel capillaries, which guarantee equal flow 
-resistances for all inlet and outlet ways of the parallel 
capillaries, ensure a strictly cophasal filling. This capillary 
10 structure is filled at the beginning of PGR amplification, 
afterwards the reaction solution is at rest. The heating 
elements (7, 8) on the surface of the membrane can heat up the 
membrane and, with it, the reaction solution in a very brief 
time. Thus 2 watts of heating capacity suffice in order to 
15 generate a temperature increase of more than 100**C per second. 
The increases from the primer attachment temperature (55**C) to 
reconstruction temperature (72**C) and then to melting 
temperature (95'C) may be passed through in about ^ second each. 
If the heaters are operated, for example, by a high frequency 
20 alternating current, the thermal coefficients may then be used 
in the known fashion to measure the temperature in the heater 
and thus control the heating process. 

The membrane is cooled in this embodiment via two gold or 
silver-plated elements made of copper (9, 10), which are pressed 

25 against the membrane by an electromechanically or pneumatically 
generated movement, producing a large area thermal contact. A 
mechanical forced coupling of the opposing movements of both 
cooling elements can protect the membrane from damage. The 
cooling outlets are provided with cooling vanes cooled using 

30 ambient air. 

For strong cooling, a simple air or water cooling system may 
also be considered. An air system is especially advantagous 
because the air may serve as an thermal isolator as soon as the 
air flow stops. The thermal discharge of the thin'membrane then 
35 talces place in less than half a second. 

If the parallel capillaries are filled, at the begirtning of the 
PGR process, with a very few DNA double strangs only, it may 
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happen that only one or two capillaries contain amplifyable DNA. 
In this case, the complete reaction solution may be drawn back 
after some initial PGR cycles, mixed, and returned into the 
capillary system to have a better distribution among the 
5 capillaries. 

After completing the PGR amplification, the capillary structure 
is emptied by washing liquid forced from behind. The DNA 
solution is cleaned by well-known means and transferred to 
analysis. The capillary structure is washed out sufficiently 
10 well and is once again available for the next PGR amplification. 
This capillary structure in a microf abricated membrane does not 
allow any change in volume of the process reaction solution. 
Since for this type of analysis firm amounts of DMA are 
required, this is not a serious disadvantage. In contrast to 
15 this, this structure allows alternating numbers of replication 
cycles. In this way DNA amplification may be adapted in an 
advantageous manner to the amount of DNA in the original 
materials. If the DNA from only a few cells {about 100) is 
available, 32 cycles may be run, for example, or if on the other 
20 hand, the DNA is from several thousand or even tens of thousands 
of cells, 24 cycles may suffice- Therefore, this type of 
temporal variation of temperature is more flexible than the 
above described variations of reaction solution flowing through 
areas of differing temperature. 

25 The initial cycles may, in this type of device, also run more 
slowly in order to ease the hybridization, and if enough short 
DNA segments are generated, the rate can be increased. It should 
be mentioned, however, , that the number of DNA sets at the 
beginning should not be much below 100 DNA sets, because all of 

30 the parallel capillaries must be filled with an appropriate 
number of DNA sets to be effective amplifiers. 

Analysis of amplified DNA segments may for example proceed mass 
spectrometrically through ionization using matrix-assisted laser 
desorption (MALDI) in a time-of -flight mass spectrometer (TOF) . 
35 To do this, the DNA is applied together with suitable matrix 

substances onto a sample support. The MALDI sample supports are 
then introduced in a known manner into the ion source of the 
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mass spectrometer and the individual DNA sample substances are 
automatically measured for the molecular weights of the DNA 
substance in an equally known fashion. 

Electrospray ionization with ion trap mass spectrometers, using 
5 well-known nanospray methods, constitutes an alternative method 
of analysis. 

All of the above described capillary systems require 
-deactivation of the inner capillary surfaces so that the 
polymerase work is not disturbed. Experiments have shown that 

10 bare silicon surfaces inactivate the polymerase immediately. 
The inner capillary surfaces must therefore be coated with 
deactivating layers. Very good coating methods for deactivation 
are known from capillary gas chromatography. The glass or quartz 
glass capillaries used there also have very active surfaces, in 

15 this case active in adsorbing substances. The activity 

essentially proceeds from free OH groups. Such free OH groups 
are also responsible for the disturbance of the polymerase. 
For capillary gas chromatography, various coating substances 
have been developed. Since these substances form the liquid 

20 phase of this type of distribution chromatography (which is 
often called GLC = gas-liquid-chromatography instead of just 
GO, the coating substances are simply called "phases" here. 
There are polar and nonpolar phases, hydrophilic and 
hydrophobic. For well over 20 years, so-called "chemically 

25 bonded phases" have established themselves in which long, 

thread-shaped molecules are bonded chemically covalently on the 
surface, side-by-side like seaweed. These phases are thermally 
stable up to several , hundred degrees Celsius and long-lasting. 
Due to the parallel arrangement of the pKase molecules, any 

30 desired arrangement can be custom-tailored here. Thus a 

superficially hydrophobic layer may be made hydrophijic on the 
inside. The thickness can be adapted to the requirements. 
Silicon rubber phases are primarily used standard.phases in gas 
chromatography, however they are less favorable for PCR 

35 reactions, while on the other hand waxy phases are better, for 
example Carbowax. 
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In the future, coatings with biomaterials such as proteins, 
lipid proteins or glycoproteins will play a greater role as 
coating materials. It is already possible to bind such molecules 
covalently onto the surfaces of metals. It can be expected that 
5 these biomaterial coatings will be even more favorable for 
deactivation of the surfaces for polymerase work. 

However, it is also possible to generate the capillary system of 
polymer plastics using microf abrication methods and tools. 
Microprinting processes exist which proceed from a silicone 

10 structure as a matrix. Using known microwelding or microadhesion 
techniques, the production of thin membranes with imbedded 
capillaries is also possible. The finished membranes may be 
printed with a resistance network; such resistance networks can 
be created by applying metal layers and then etching. Plastics 

15 may be filled with metallic powders to improve the thermal 
conductivity, such as with silver nanopowder. 

At least in its preferred embodiments, the invention is able to 
shorten the cycle time for the PGR amplification of DNA to 
extremely short times of about four to six seconds, and thus the 

20 entire PGR amplification to a time of two to three minutes. Due 
to the extremely high sensitivity of modern analysis methods for 
DNA (for example mass spectrometric measurements of the 
molecular weight of amplified DNA segments), the volume for the 
reaction solution can be limited to one microliter or even much 

25 less. Microf abrication methods and instruments may be used for 
these methods. 

The methods and structures described specifically above may of 
course be varied in many ways. It is simple for a specialist, 
following the indicated invention ideas, to develop further 
30 capillary structures and other operating methods. 

Thus it is possible, for example, to replicate and finally to 
analyze RNA in the above described fashion as DNA after a first 
duplication step using "inverse transcriptase", which reconverts 
the RNA back into a DNA complementary sequence. This process, 
35 too, may be performed in a unified, microf abricated apparatus. 
Extensive changes or derivations of DNA toward the goal of 
achieving more easily analyzable output products for analysis 
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may also be performed in instruments especially adapted for 
this, produced using microf abrication technologies- 
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Claims 

1. A method for the replication of an oligonucleotide by the 
polymerase chain reaction (PGR) in a reaction container, 
wherein a reaction solution is subjected to successive cycles 
of three different temperatures for melting/ primer 
attachment and reconstruction, 
wherein 

' the reaction container comprises a plurality of fine 

capillaries arranged in parallel with a common entrance and a 
common exit and, wherein the flow rate of the reaction 
solution during the reconstruction of the double stranded 
oligonucleotide is maintained below a value which corresponds 
to ten capillary diameters per seconds 

2. A method as claimed in Claim 1, wherein the volume of the 
reaction container is less than one microliter. 

3. A method as claimed in any one of the preceding claims, 
wherein the capillary reaction container is microf abricated 
from silicon, and wherein the surface of the capillary is 
provided with an inert coating. 

4. A method as claimed in Claim 3, wherein the molecules of the 
coating are bonded chemically to the surface of the silicon. 

5. A method as claimed in Claim 4, wherein the inert coating is 
a material conventionally used for chromatographic coating. 

6. A method as claimed in Claim 5, wherein the inert coating is 
nonpolar phase Carbowax. 

7. A method as claimed in Claim 3 or Claim 4, wherein the inert 
coating is a glycoprotein of a cell membrane, a protein or a 
lipoprotein. 

8. A method as claimed in Claim 1 or Claim 2, wherein the 
capillary reaction container is microfabricated from a 
plastics material. 

9. A method as claimed in Claim 8, wherein the plastics .material 
is polyethylene or polypropylene. 
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10. A method as claimed in Claim 8 or Claim 9, wherein the 
plastics material is filled with particles of a metal with a 
high thermal conductivity. 

11. A method as claimed in Claim 10, wherein the metal is silver 
powder. 

12. A method as claimed in any one of Claims 8 to 11, wherein the 
inner surface of the capillary is provided with a 
deactivating coating. 

13. A method as claimed in any one of Claims 1 to 12, wherein 

(a) separate reaction zones are provided for the three phases 
of melting, primer attachment and reconstruction, 

(b) the reaction solution passes through the reaction zones 
sequentially for melting, primer attachment and 
reconstruction in an almost constant flow, a'nd wherein 

(c) a plurality of parallel capillaries is provided in the 
reconstruction zone in order to lower the flow rate in the 
said zone. 

14. A method as claimed in any one of Claims 1 to 12, wherein 

(a) separate reaction zones are provided for the three phases 
of melting, primer attachment and reconstruction, 

(b) the capillary reaction zones are of approximately equal 
volume, and- 

(c) the reaction solution passes through the zones 
sequentially in a pulsed fashion in such a way that there is 
no or only very little flow during reconstruction. 

15. A method as claimed in any one of Claims 1 to 12, wherein 
(a) the PCR amplification proceeds in a single reaction zone 
consisting of at least one capillary wherein the reaction 
solution is maintained at rest during "the PCR process, 
(c) the capillary reaction zones are provided within a 
membrane, 

(c) the temperature of the membrane and the reaction solution 
is raised from the primer attachment temperature to. the 
reconstruction temperature and then the melting temperature 
in every cycle using externally applied heating elements, and 
<d) the temperature of the membrane and the reaction solution 
is lowered to the primer attachment temperature in every 
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cycle after melting using gaseous, liquid or solid cooling 
means which are brought into thermal contact with the 
membrane . 

16. A method as claimed in Claim 15, wherein the membrane is 
5 thinner than one millimeter. 

17. A method as claimed in any one of the preceding claims 
wherein the oligonucleotide is DNA. 

18. A method for the. replication of DNA substantially as 
hereinbefore described with reference to and as illustrated 

10 by Figure 1, Figures 2a and 2b, or Figure 4 of the 

accompanying drawings. 

19. Apparatus for replicating an oligonucleotide by the PGR 
reaction,, comprising a capillary reaction ehainber for 
carrying out temperature cycling of a reaction solution from 

15 a melting temperature, to a primer attachment temperature to 

an oligonucleotide reconstruction temperature, including 
means for supplying heat to and removing heat from a reaction 
solution in the capillary, whilst maintaining the flow rate 
of the reaction solution during the reconstruction phase of 

20 the cycle at a value of no more than ten capillary diameter 

per second. 

20. Apparatus as claimed in Claim 19, and including the further 
additional' apparatus features of any one of Claims 2 to 16. 

21. Apparatus for the replication of DNA substantially as 

25 hereinbefore described with reference to and as illustrated 

by Figure 1, Figures 2a and 2b, or Figure 4 of the 
accompanying drawings. 



'JSDOCtO:<GB 2325464A I > 




Application No: 
Claims searched: 



Office 

TT 



GB 9808440.3 
1-21 



Examiner: 
Date of search: 



Dr J Houlihan 
15 September 1998 



Patents Act 1977 

Search Report under Section 17 

Databases searched: 



UK Patent Office collections, including GB, EP, WO & US patent specifications, in: 

UK CI (Ed.P): C3H (HB4B) 

Int CI (Ed.6): C12Q 1/68 
Other: ONUNE: WPI 



Documents considered to be relevant: 



Category 


Identity of document and relevant passage 


Relevant 

to f*latfTig 


X 


EP 0636413 A2 (PERKIN-ELMER CORP.) column 5 lines 27^1; 
column 11 lines 32-37 


19&20 


X 


WO 92/13967 Al (BECKMAN RES. INST.) page 13 line 31-page 14 
line 9; page IS lines 1-21 


19&20- 


X 


FR 2672231 Al (EIBET) page 14 line 5-page 15 line 13 


19&20 



X Documem indicating bdc of ooveby or tnvemive step 
Y Documem inriirating lack of invcmive step if combined 
with one or more other documenu of same cuegpry. 

& Member of the same patent family 



A nnnirorrr fTTdirrrng tedmologicai badcgrtrubd aod/or state of Che an. 
P Donimfnt published oa or tfta the declared priority date but before 

the filing date of this ioveanon. 
E Extern documem published oo or after, but with priority date eariier 

than, the filing date of this application. 



3NSD0CI0:<GB 2325464A I > 



An Execudve Agency of the Department of Trade and Industry 



